Though obesity is common, some people remain resistant to weight gain even in an obesogenic environment. The propensity to remain lean may be partly associated with high endurance capacity along with high spontaneous physical activity and the energy expenditure of activity, called non-exercise activity thermogenesis (NEAT). Previous studies have shown that high-capacity running rats (HCR) are lean compared to low-capacity runners (LCR), which are susceptible to cardiovascular disease and metabolic syndrome. Here, we examine the effect of diet on spontaneous activity and NEAT, as well as potential mechanisms underlying these traits, in rats selectively bred for high or low intrinsic aerobic endurance capacity. Compared to LCR, HCR were resistant to the sizeable increases in body mass and fat mass induced by a high-fat diet; HCR also had lower levels of circulating leptin. HCR were consistently more active than LCR, and had lower fuel economy of activity, regardless of diet. Nonetheless, both HCR and LCR showed a similar decrease in daily activity levels after high-fat feeding, as well as decreases in hypothalamic orexin-A content. The HCR were more sensitive to the NEAT-activating effects of intra-paraventricular orexin-A compared to LCR, especially after high-fat feeding. Lastly, levels of cytosolic phosphoenolpyruvate carboxykinase (PEPCK-C) in the skeletal muscle of HCR were consistently higher than LCR, and the highfat diet decreased skeletal muscle PEPCK-C in both groups of rats. Differences in muscle PEPCK were not secondary to the differing amount of activity. This suggests the possibility that intrinsic differences in physical activity levels may originate at the level of the skeletal muscle, which could alter brain responsiveness to neuropeptides and other factors that regulate spontaneous daily activity and NEAT.
Introduction
Obesity continues to increase worldwide (Prentice, 2006; Wyatt et al., 2006) , along with the health problems associated with it (Wyatt et al., 2006) . Over the past several decades, physical activity levels in Western populations have steadily decreased at the same time as obesity has increased (Kruger et al., 2007a; Kruger et al., 2007b; Livingstone et al., 1991) . This trend exists despite the plethora of treatments and programs available for body weight management, most of which focus on the roles of diet and exercise. The importance of everyday physical activity to total daily energy expenditure (TDEE) is increasingly being recognized. The energy spent while engaging in activities of daily living, called non-exercise activity thermogenesis (NEAT), can have a significant contribution to TDEE, energy balance, body weight, and health (Church et al., 2007; Dauncey, 1990; Johannsen et al., 2008; Levine et al., 1999; Levine et al., 2005) , and differences in physical activity can contribute to obesity propensity and weight gain (Mustelin et al., 2009 ). There is a large amount of inter-individual variation in the amount of activity people engage in as well as their NEAT, and these correlate with leanness, health, and fitness (Hamilton et al., 2007; Levine et al., 1999; Levine et al., 2005) . Moreover, changes in diet composition or caloric intake can alter NEAT (Bjursell et al., 2008; Novak et al., 2006a) , and the ability to fend off weight gain in the face of increased caloric intake also varies between individuals (Levine et al., 1999) .
Although social, cognitive, and environmental factors can surely impact physical activity levels, the innate, biological influences may be equally important. Studies examining physical activity levels in twins revealed a highly heritable component (Joosen et al., 2005; Kaprio et al., 1981) . As in humans, there is a large amount of interindividual variation in physical activity levels in rats, and lower levels of physical activity are associated with higher body weight and obesity (Dauncey, 1986; Dauncey and Brown, 1987; Novak et al., 2006a; Teske et al., 2006a; Tou and Wade, 2002) . Previously, we have shown that rats selectively bred for diet-induced obesity (DIO) are less physically active than their diet-resistant (DR) counterparts after obesity induced by a high-fat diet (Novak et al., 2006a ). Investigating energy balance in selectively-bred animals may yield insights into the neural and endocrine underpinnings of obesity and physical activity that are relevant to human physiology. Another interesting and highly relevant animal model that contrasts for metabolic disease risk has been developed by selectively breeding rats for high and low intrinsic aerobic capacity measured by distance run to fatigue on a treadmill test. The high-capacity runners (HCR) remain lean on a calorie-dense diet (Britton and Koch, 2001; Noland et al., 2007; Wisloff et al., 2005) . The low-capacity runners (LCR), on the other hand, readily develop insulin resistance and symptoms of cardiovascular disease (Wisloff et al., 2005) . Though these rats were not bred to be lean or obese per se, the HCR/LCR rats are a highly useful model of leanness vs. obesity (Wisloff et al., 2005) . Recently, we have demonstrated that HCR are consistently more active than LCR, and that this is not secondary to body mass . HCR also engage in more voluntary activity on a running wheel (Burghardt et al., 2006; Waters et al., 2008) , though this type of activity is much more variable between rats, specifically between HCR rats (Burghardt et al., 2006) . Thus, high daily activity levels seem to be an inherent part of the lean, highintrinsic-endurance phenotype . Moreover, the link between innate endurance capacity and high spontaneous activity appears to extend to humans .
Alterations in diet also affect NEAT (Bjursell et al., 2008; Levine et al., 1999; Rosenbaum et al., 2003) . In fact, access to a high-fat Western diet can suppress activity levels within only a few days (Bjursell et al., 2008) . Long-term, obesity-prone DIO rats show a decrease in their daily activity levels when on a high-fat diet, whereas their diet-resistant counterparts do not (Novak et al., 2006a) . It is possible that the lean, highly active phenotype is also resistant to dietinduced suppression of physical activity levels. Using rats artificially selected for high and low intrinsic aerobic capacity, we first sought to determine whether individual differences in activity can be modulated by high-fat feeding by comparing spontaneous physical activity and energy expenditure before and after one month on a high-fat diet. Energy expenditure of activity was also measured directly while rats walked on a treadmill, allowing for the dissection of this component of energy expenditure.
Several central neuropeptides and peripheral circulating hormones affect physical activity and NEAT Novak et al., 2006a; Novak et al., 2006b; Teske et al., 2008) . What is not known, though, is which of these factors might help explain the individual variations in activity levels noted in those with tendencies for obesity or leanness. Our next objective was to identify biological factors that could potentially underlie the high and low activity levels seen in association with obesity propensity. First, we started by examining peripheral and circulating factors that are both altered in obesity and associated with altered levels of physical activity, including adiponectin (Bjursell et al., 2008) , leptin (Choi et al., 2008) , and corticosterone (Cador et al., 1993; Veldhuis et al., 1982) . Second, we tested the potential role of the enzyme cytosolic phosphoenolpyruvate carboxykinase (PEPCK-C) in skeletal muscle. In mice, genetically enhancing PEPCK-C in skeletal muscle results in a lean, active, high-endurance mouse (Hakimi et al., 2007; Hanson and Hakimi, 2008) . We have previously demonstrated that the lean HCR have heightened skeletal muscle PEPCK-C levels and enzymatic activity , implicating this enzyme as an important factor in the lean, active, high-endurance phenotype.
Third, we investigated potential differences within the brain that may account for the differential levels of physical activity between HCR and LCR ). Others and we have previously demonstrated a potent effect of orexin-A on physical activity, as well as differences in brain orexin associated with obesity and obesity propensity (Kotz et al., 2006; Novak et al., 2006a; Teske et al., 2006a) . More recently, alterations in the Snark gene have been found to result in alterations in wheel running in mice (Ichinoseki-Sekine et al., 2009) , making this gene an interesting potential candidate mechanism for intrinsic differences in spontaneous physical activity as well. To determine if any of these variables were likely to contribute to the intrinsic differences or diet-related changes in physical activity in these rats, we investigated the effects of phenotype (high and low intrinsic aerobic capacity) in conjunction with diet on physical activity, energy expenditure, and weight gain, as well as potential mediators including central, circulating, and peripheral factors.
Methods
The data described here were generated from four separate studies: (1) Physical activity and energy expenditure (24-hour and acute activity after orexin-A) were measured in male HCR and LCR before and after one month on a high-fat diet (rats approximately 7 months old). (2) To measure the energy expenditure during resting and activity more precisely, calorimetry was conducted while female rats rested and walked on a treadmill. (3) Body weight and food intake were measured in four groups: HCR and LCR on regular and high-fat diets (rats approximately 4 months old). (4) To determine whether the difference in physical activity levels affects skeletal muscle PEPCK-C levels, we compared female HCR and LCR in standard calorimetry acclimation housing with housing of reduced size. Females were specifically chosen for the final studies because female HCR and LCR do not have a large magnitude of difference in body weight and size between groups as males do. In addition, we previously confirmed that female HCR and LCR are nearly identical to males in their behavioral phenotype ; for this reason, the use of female rats was justified in this study. The reproductive cycle of these female rats, however, was not monitored nor accounted for. All studies and procedures were approved by the Mayo Institutional Animal Care and Use Committee. Rats, selectively bred at the University of Michigan, were air shipped to the Mayo Clinic animal facility at 4-6 mo of age. After arrival at the facility, rats were housed on a 12:12 light:dark cycle, without forced treadmill running or access to running wheels, and given food and water ad lib unless otherwise noted.
Daily physical activity
Male rats (10 HCR and 10 LCR, generation 20) were individually housed on a 24-hour light:dark cycle and allowed ad lib access to standard chow (Lab Diet 5001) and tap water. Each rat underwent four phases of the study protocol: After implantation of a guide cannula aimed at the paraventricular nucleus of the hypothalamus (PVN), we measured (1) 2-hour orexin-A-induced physical activity and energy expenditure, and (2) 24-hour spontaneous daily activity; (3) after 29 days on a high-fat diet (Research Diets D12492, 60% calories from fat), we measured 24-hour spontaneous daily activity; and (4) 2-hour orexin-A-induced activity and energy expenditure was measured a second time. In this way, we could compare spontaneous daily activity with sensitivity to the NEAT-activating effects of orexin-A both before and after one month on the high-fat diet. The high-fat diet contained 5.24 kcal/g as determined by Atwater values, with 20% kcal from each protein and carbohydrate. The standard laboratory rodent diet contained 28% kcal from protein, 12% from fat, and 60% from carbohydrate, with 3.36 kcal/g as calculated from Atwater values.
Measurement of spontaneous physical activity and energy expenditure
Rats were acclimated to the calorimetry room and a simulated calorimetry chamber for at least 24 h prior to measurement. For each measurement, the rat was placed in the calorimetry chamber with water (at ambient temperature) and pre-measured food. Air was pumped into the chamber at 3-5 l per minute (LPM), and expired air was sampled at 0.7 LPM using Oxymax software (Columbus Instruments, Columbus, OH). The calorimetry measurements were made once every minute, except for a 3-min break after every 30 samples to obtain reference values. Physical activity was monitored concurrently with calorimetry, as previously described (Novak et al., 2006a; Novak et al., 2006b . Opto-M Varimex minor activity monitors (Columbus Instruments), with 17 collimated beams in the X, Y, and Z axes, were used to measure minute-by-minute physical activity. Horizontal and vertical (e.g., rearing) activity were measured in addition to ambulatory (locomotor) counts and repetitive, stationary counts (horizontal minus ambulatory counts). For repeated measurements (e.g., 24-hour tests, or response to orexin-A before and after diet change), efforts were made to make the second set of measurement identical to the first within rat (i.e., order of doses, time of day), as previously described (Novak et al., 2006a; Novak et al., 2006b .
Measurement of energy expenditure of activity
In a separate group of female rats (8 HCR and 8 LCR, generation 21), we measured NEAT directly. Rats were acclimated to the treadmill and walking procedure prior to the test day. Body composition was measured in each rat before each measurement using EchoMRI (at least one day before testing, as described below). On the test day, during the light phase of the cycle, each rat was placed into the treadmill and energy expenditure was measured using calorimetry with an air flow of 2-3 LPM into the treadmill. The rats were allowed to rest for 90-120 1-min samples before the treadmill was started. Time of resting was confirmed through video monitoring. The rats then walked on the treadmill at 7 m/min and 60 1-min samples were collected. Rats were re-tested using the same protocol after two weeks on a high-fat diet. For the analysis, we examined the resting energy expenditure (REE) by averaging the lowest 15 data samples. We measured the energy expenditure of activity (EEA) during walking, when rat's energy expenditure was at a steady state for 20 min (the final 20 min of walking); REE was subtracted from this value to yield the final EEA calculation. Thus, in these rats, which did not have access to food for over 2 h (minimizing the contribution of the thermic effect of food to TDEE), REE + EEA = total energy expenditure. We also determined RER during the same sample intervals as the REE analysis as well as during the entire duration of walking minus the first two samples.
Reduced cage activity
We also measured activity in female rats (8 HCR and 8 LCR, generation 20) divided into two groups: one group was housed in the standard acclimation cage for two weeks, and the other group was housed in a cage of reduced size ("reduced cage"): the cage was the same height but had a diameter of 16 cm in order to reduce locomotion and the concomitant effects of locomotion or "exercise training" on skeletal muscle. Total daily activity levels for each rat were measured in either standard or reduced caging.
Stereotaxic surgery
Before the calorimetric measurement, rats underwent stereotaxic surgery for the implantation of a chronic guide cannula aimed at the PVN, as previously described (Novak et al., 2006a; Novak et al., 2006b) . Briefly, each rat was sedated with sodium pentobarbital and placed into the stereotaxic frame. The following coordinates were used to aim the guide cannula at the PVN, in relation to the skull and bregma: AP −1.9, ML 0.5, DV −7.3. The guide cannula was affixed to the skull using a sterile Michel wound clip and dental cement. The rats were allowed to recover for at least one week before any measurements were taken. To determine accuracy of cannula placement at the end of the study, after euthanasia, India ink (250 nl) was microinjected through each cannula and the brains were removed, sectioned using a cryostat at 50 μm, mounted onto slides, stained with Cresyl violet, and examined using a microscope. If the tip of the injection needle was not within 250 μm of the PVN, then the data gathered from that rat were not included in the final analysis of orexin-A-induced activity and energy expenditure. This same implantation and injection procedure has been used with other rats for intra-PVN microinjections (Novak et al., 2006a) (also see figure 3 in ).
Orexin-A microinjection
As described previously (Novak et al., 2006a) , we measured physical activity and energy expenditure in response to intra-PVN microinjections of orexin-A. After acclimation to the testing room and simulated testing chamber, a rat was weighed then gently restrained and administered a 250 nl microinjection of vehicle or orexin-A (American Peptide Co., Sunnyvale, CA; 0.125, 0.25, 0.5, and 1.0 nmol doses) over 30 s; the needle was left in place for an additional 30 s. After microinjections were administered, rats were placed in the calorimeter to record energy expenditure for 2 h following the infusion. Calorimetry data from the first 20 min after the injection were not used. We collected energy expenditure data from two rats (one HCR and one LCR) simultaneously with two calorimeters, and each rat was assigned a calorimeter for all of its measurements, with each calorimeter being used to measure both HCR and LCR. Rats received doses of orexin-A in random order within group, with one HCR and one LCR receiving the same dose in a given testing session and a rat's test taking place at the same time of day for each dose of orexin-A. Each rat was measured at the same time of day and was given the same order of doses for the measurements before and after treatment with the high-fat diet. Though steps were taken to minimize the potential for carryover effects, the experimental design did not eliminate this possibility. The doses were selected for comparison to previous studies which utilized these same doses in different selected lines of rats (Kiwaki et al., 2004; Novak et al., 2006a; Teske et al., 2006a) and showed that these doses covered the dynamic range of orexin-induced physical activity.
Body composition
After euthanasia and tissue removal, each rat was shaved of fur, and the gut contents were removed. We measured body composition using two different methods. Body composition was measured using the EchoMRI-900 (Echo Medical Systems, Houston, TX); results were given in terms of fat mass and lean mass (in g), with the resulting difference from pre-scanning BW representing other non-lean mass, including bone mass. The EchoMRI-900 became available partway through this series of experiments. Before this time, we processed the carcasses using the biochemical method to determine percent carcass adiposity (Leshner et al., 1972) , as described previously . On the one group of carcasses for which we used both methods (EchoMRI-700 on carcasses warmed to 37°C), we compared the two methods using correlation analyses (Pearson's r).
Effects of a high-fat diet
In a second group of male rats, we determined the effects of a highfat diet on several variables: (1) food intake; (2) body weight; (3) body composition; (4) orexin-A in the perifornical lateral hypothalamic region (PeFLH) containing orexinergic cell bodies, and mRNA expression for orexin, orexin receptor 1 and 2 (OXR1 and OXR2), corticotropin-releasing hormone (CRH), and Snark (Ichinoseki-Sekine et al., 2009) using real-time rt-PCR in other brain regions, namely the PVN, paraventricular nucleus of the thalamus (PVT), and the arcuate nucleus (ARC); (5) circulating hormone levels; and (6) levels of proteins and gene expression in peripheral tissues. In this study, half of the male HCR and LCR rats (total N = 36; generation 21) were placed on the high-fat diet for one month, and half remained on the standard diet (n = 9 per group). Trunk blood was collected after decapitation within the first five hours after lights-on. Skeletal muscles (gastrocnemius and soleus) were also collected and frozen in liquid nitrogen.
Micropunch and orexin-A radioimmunoassay (RIA)
Brains were rapidly extracted after decapitation and placed in icecold saline for 20 min. The brain was then sectioned using a Hatton apparatus. With the optic chiasm as the baseline ("0") value, a 100 µm slice was taken by making cuts at −0.1 mm and − 0.2 mm; a second, 200 µm slice was then cut. The slices were placed onto slides and frozen on dry ice. From the first slice, we used a 2 mm micropuncher to isolate the PVN (medial punch), a 1 mm medial punch to extract the PVT, and two 1 mm punches to sample the PeFLH bilaterally. Two more punches of the PeFLH were taken on the second (200 µm) slice as well. The punches were quickly placed in liquid nitrogen. One 200 µm PeFLH punch was combined with the ipsilateral 500 µm punch; the remaining punches were combined and mRNA was isolated for rt-PCR (see below). See Table 7 for a list of sites measured for each gene [though some find only OXR2 and not OXR1 in the PVN, others identify OX1R in the PVN (Backberg et al., 2002; Marcus et al., 2001) ].
Brain tissue was homogenized and protein was extracted using a total of 700 μl 0.1 M acetic acid. The samples were centrifuged (14,000 g for 15 min at 4°C) and the supernatant was then boiled for 10 min. A portion (35 μl) of the sample was used for later determination of protein concentration with a spectrophotometer (SpectraMax 340) using the absorbance set at 595 nm. The remaining supernatant was frozen. For the protein analysis, 50 μl of this sample was used after it was dissolved in 950 μl distilled water. For the RIA, an orexin-A RIA kit was used (Peninsula Laboratories, San Carlos, CA) with 125 I-orexin-A, rabbit anti-orexin-A, and goat anti-rabbit secondary antibody. All samples were run in duplicate. Resulting orexin-A concentrations divided by protein quantities for each sample were used to determine the orexin-A levels for each rat.
Brain and muscle gene expression
Tissue was homogenized and RNA was isolated in preparation for analysis by real-time rt-PCR. To isolate the RNA, the 2-mm thick portions of the PeFLH were combined and homogenized using 1 ml of TRIzol reagent (Invitrogen, Carlsbad, CA) and separated using 200 μl chloroform. The pellet was then washed with 75% ethanol and dissolved in 10 μl DEPC-treated water. The pellet was treated with rDNase I (Ambion, Austin, TX) to remove DNA from the sample, and brought up to 20 μl volume with DEPC-treated water. We then measured the RNA concentration using a spectrometer, and 0.5 μg (or 0.5 μg/8 μl) was used for cDNA synthesis. Approximately 25 ng cDNA was used for rt-PCR. The annealing temperature was 60°C with 40 cycles. All samples were run in triplicate on an Applied Biosystems (Foster City, CA) Sequence Detection System 7900. Table 1 lists the methods used for rt-PCR. To analyze these data, L32 was used as the reference gene, and the 2 − ΔΔCT analysis was used to determine fold change in each target gene compared to the reference gene, with 1-fold defined as the values calculated from HCRs on a regular diet (Livak and Schmittgen, 2001 ).
Circulating hormone levels
We measured circulating leptin, adiponectin, and corticosterone. Serum hormone levels were analyzed using an ELISA. Commerciallyavailable enzyme immunoassay kits were used to quantify the plasma levels of leptin (Assay Designs, Ann Arbor, MI), corticosterone (MP Biomedicals, Cleveland, OH), and adiponectin (Alpco Diagnostics, Salem, NH), according to the manufacturer's instructions.
Western blots
PEPCK-C and SIRT-1 were examined in skeletal muscles (gastrocnemius and soleus) from male HCR and LCR on regular and high-fat diets. Muscle tissue was homogenized in ice-cold RIPA buffer (25 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 150 mM NaCl, 1% Sodium deoxycholate, 1 mM sodium orthovanadate, 5 mM NaF, and a protease inhibitor cocktail; Roche, Mannheim, Germany). Homogenates were incubated at 4°C for 20 min under constant agitation. Homogenates were then centrifuged for 10 min at 10,000 g at 4°C. Supernatant was collected and the protein concentration was determined using the Bradford method (protein assay; Bio-Rad Laboratories, Richmond, CA), with BSA as a standard. Proteins (70 µg/lane) were resolved by SDS-PAGE and transferred by electroblotting onto a PVDF membrane, which was probed with specific antibodies. PEPCK-C antibody was obtained from Cayman Chemical Company (Ann Arbor, MI, USA), tubulin antibody was from Abcam, Inc. (Cambridge, MA, USA), and the antibody for SIRT-1 was from Upstate Biotechnology Inc. (Lake Placid, NY). Western blots were developed using SuperSignal TM West Pico Chemiluminiscent substrate (Pierce, Rockford, IL, USA). Films were scanned and bands quantified by densitometry using Image J (NIH, USA). Tubulin was used as the control, with results expressed as a ratio of the target protein (PEPCK-C or SIRT-1) to tubulin. 
Statistical analyses
Body weight change was analyzed using a 2 × 2 × 2 repeatedmeasures ANOVA with group and diet as the between-animal independent variables and body weight as the within-animal independent variable. To compare activity and TDEE before and after the high-fat diet in HCR and LCR, we used a two-way (2 × 2) mixed ANOVA with group (HCR or LCR) as the between-animal independent variable and pre-vs. post-high-fat diet as the within-animal independent variable. Because energy expenditure is predominantly determined by body mass (Goran, 2005) , it is difficult to directly compare energy expenditure between rats of different sizes, especially since "correction" factors commonly overcorrect for body mass (Packard and Boardman, 1999) . Though mass-corrected and uncorrected data were analyzed and reported here, we used analysis of covariance (ANCOVA), with body weight as the covariate (Packard and Boardman, 1988) , to determine the effects of diet and selected line on energy expenditure. For these rats, horizontal activity and body weight were compared using a correlation (Pearson's r). ANCOVAs were also used to analyze REE and EEA after the treadmill test in HCR and LCR, using body weight and lean mass as covariates. We also used ANCOVAs to analyze the effect of selected line, diet, and fat mass on leptin, with fat mass as the covariate. For orexin-induced activity, we again used a mixed 2 × 5 ANOVA with orexin-A dose as the within-animal independent variable and group (HCR, LCR) as the between-animal independent variable. To compare the effects of orexin-A on activity before and after the high-fat diet, we used the mixed two-way ANOVA at each dose of orexin-A with group and diet as the independent variables; paired t-tests were used for pairwise comparisons. An independent samples 2 × 2 ANOVA was used to compare body weights, body composition, hormone levels, brain orexin-A concentrations, and peripheral measures (PEPCK, and serum leptin, adiponectin, and cortisol) in the HCR and LCR on either the high-fat or regular diets;
Fisher's PLSD test was used for pairwise comparisons. The same analysis was used for activity and muscle PEPCK data in the female rats in the reduced and regular-sized cages, with Fisher's PLSD used for the post-hoc analysis.
We also compared the variance in the activity data (horizontal counts) in the HCR and LCR to another rat model of obesity, namely male diet-induced obese (DIO) and diet-resistant (DR) rats previously measured in the same lab (Novak et al., 2006a) . Data from each group of rats were compared under the same three conditions: on a regular diet, then again both before and after one month on a high-fat diet Novak et al., 2006a) . Lastly, Pearson's correlation coefficients were calculated to determine the relationship between body weight and activity levels (mean horizontal beam breaks per minute) between rats within group. In all cases, significance was determined by p b 0.05.
Results

LCR are more sensitive than HCR to the deleterious effects of a high-fat diet
We investigated the effects of intrinsic aerobic capacity and a highfat diet on body weight, circulating hormones, and the levels of central and peripheral genes, peptides, and enzymes that could potentially affect physical activity, energy expenditure, and NEAT. Data from one rat (HCR fed a regular diet) were omitted from analysis because of unexplained weight loss in the final weeks of the study that suggested potential illness (N2 SD below the mean body weight change for HCR on the control diet).
For body weight gain, the HCR and LCR responded differently to the high-fat diet (Fig. 1A) . The LCR on the high-fat diet gained significantly more weight than LCR on the regular diet as well as HCR on the same diet, and LCR on the regular diet gained more weight than HCR on the regular diet. In other words, the high-fat diet had a greater Fig. 1 . Low-capacity runners (LCR, n = 9 rats on each diet) were more sensitive to the deleterious effects of a high-fat diet than high-capacity runners (HCR; n = 9 on rats the high-fat diet, 8 rats on the regular diet). (A) LCR gained significantly more weight over one month on the high-fat or regular diets than HCR; *different from chow-fed controls. (B) LCR on a high-fat diet gained significantly more body fat than HCR compared to controls; *greater than HCR on same diet; **greater than same group on a regular diet. (C) Whereas LCR on the high-fat diet ate significantly more kilocalories than LCR on a regular diet for several weeks, HCR on the high-fat diet returned to baseline consumption within one week. (D) LCR had significantly higher circulating leptin levels than HCR, regardless of the diet; no significant effect of diet on leptin was seen in HCR or LCR; *greater than HCR. effect on body weight in the LCR compared to HCR. Fat mass as percent of carcass weight using the biochemical method also showed an interaction between selected line and diet: though the high-fat chow resulted in greater body fat in both HCR and LCR compared to their chow-fed controls, LCR gained significantly more fat than HCR (Fig. 1B) . In addition, chow-fed HCR had significantly lower body fat than chow-fed LCR.
We also examined daily food intake over 27 days on the high-fat diet (Fig. 1C) to determine the extent to which food intake affects body weight and body fat gain in HCR and LCR. In order to compare food consumption in the high-fat and regular chow-fed groups, food intake was converted to kcal using Atwater values (3.36 kcal/g for the regular chow, and 5.24 kcal/g for the high-fat chow). There was a significant interaction where, compared to chow-fed controls, LCR ate significantly more calories on the high-fat diet but HCR did not (Fig. 1C) . Even on the standard chow, LCR ate significantly more kcal HCR. When the food intake for each day (in kcal) was divided by the daily body weight for each rat, a similar pattern was seen, with rats on a high-fat diet showing daily intakes comparable to their chow-fed controls after 5 days (for HCR) or 14 days (for LCR), and actually eating fewer kcal per gram body weight than control rats on the final 6 days (for HCR) or 2 days (for LCR).
For serum leptin concentrations, LCR had significantly higher levels than HCR in all conditions (Fig. 1D ). There was no interaction, and a non-significant but marginal effect of the high-fat diet on serum leptin (p = 0.0674)-neither group of rats significantly increased their leptin levels in response to a high-fat diet. The ANCOVA revealed that HCR had higher leptin levels than LCR after fat mass (covariate) was factored out statistically (i.e., body fat mass was the covariate, and there was not a significant interaction between diet and selected line, so the model was recalculated without the interaction); diet had no significant effect on leptin, but there were significant effects of both fat mass and selected line on leptin. No differences were detected in adiponectin levels or corticosterone, potentially because of the high level of variability between animals within each group (Table 2) .
High-fat diet decreases physical activity in both HCR and LCR
In order to determine how body weight gain on a high-fat diet may be affected by physical activity and NEAT in these rats, we measured daily activity and energy expenditure in HCR and LCR on regular and high-fat diets (a group separate from the rats measured in Fig. 1 ). On average, the rats had a small change in body weight during the calorimetry day (−1.89 ± 0.55 g), which may have been partially due to the time of weighing (rats were weighed at a later time during the light phase compared to the day prior). The food intake during the calorimetry days was comparable to mean daily intakes for the male HCR and LCR in the study previously described (Fig. 1) : HCR before highfat diet, 19.7 ± 1.6 g (66.2 ± 5.4 kcal); HCR on high-fat diet, 13.9 ± 1.5 g (72.8 ± 7.9 kcal); LCR before high-fat diet, 25.2 ± 3.0 g (84.7 ± 10.1 kcal); LCR on high-fat diet, 16.7 ± 3.1 g (87.5 ± 16.2 kcal). After one month on a high-fat diet, both HCR and LCR showed a small but significant 10-15% decrease in their activity levels (Fig. 2, Table 3 ). The effect of diet on activity did not differ between HCR and LCR. When oxygen consumption per body weight was compared before and after high-fat feeding, HCR did not change their oxygen consumption, but LCR showed a significant decrease with high-fat feeding. Energy expenditure expressed per kg 0.75 body weight was greater in HCR than LCR, regardless of diet, but decreased to a similar degree in both HCR and LCR on the high-fat diet (Fig. 2B) . When analyzed using ANCOVA, the covariate (body weight), but not selected line, significantly affected total energy expenditure; there was not a significant interaction (p =0.099).
Body fat was significantly greater in the LCR than HCR after high-fat feeding using two methods of measurement (Table 4 ).
Low variability in activity compared to other obese rat lines
When measuring daily physical activity in HCR and LCR, it was noted that there was low intra-group variability in activity. As shown in Table 5 , both HCR and LCR had very low variance in their measured daily activity levels compared to other artificially-bred lean and obese rats (Novak et al., 2006a) . The correlation (r) between activity and body weight in rats on a regular diet was −0.30 (p = 0.21) for all rats, 0.37 for HCR (p = 0.30), and 0.76 for LCR (p b 0.05); for energy expenditure (kcal/h), the correlation was 0.92 for all rats, 0.80 for HCR, and 0.81 for LCR (p b 0.05 for all). On the high-fat diet, the correlation between activity and body weight was −0.554 for all rats (p b 0.05), 0.22 for HCR (p = 0.55), and 0.32 for LCR (p = 0.41); for energy expenditure, the correlation was r = 0.95 for all rats, r = 0.90 for HCR, and r = 0.78 for LCR (p b 0.05 for all).
HCR have low fuel economy of activity
To more precisely assess NEAT in these rats, we measured energy expenditure during rest and walking. Though a trend was apparent for differential REE between HCR and LCR, this difference was not significant when assessed using ANCOVA with body weight as the covariate. Energy expenditure of walking was greater in HCR than LCR (Figs. 3A,B) . The same results were found when REE and EEA were analyzed using lean mass as the covariate. Diet had no significant effect on REE or EEA, though the high-fat diet predictably decreased RER in all rats during rest and activity. There was a significant interaction for RER during activity where HCR showed a significantly lower RER compared to LCR during walking (Fig. 3C) . There was no significant interaction between diet and line for RER during resting.
Orexin-induced activity is greater in HCR than LCR
We tested the hypothesis that intrinsic differences in orexin sensitivity, or diet-related changes in orexin sensitivity, could underlie the differences in physical activity found in HCR and LCR. In rats fed a regular diet, orexin-A increased activity and energy expenditure in both HCR and LCR ( Fig. 4A ; Table 6 ). The HCR were significantly more active at the lowest dose of orexin-A given (0.125 nmol/250 nl). There was no difference between groups at the higher doses. After one month on the high-fat diet, on the other hand, the HCR were more active than the LCR at the highest doses of orexin-A (0.5 and 1.0 nmol/250 nl). This was due to a marginal increase in the amount of activity after 0.5 nmol orexin-A in the HCR (p = 0.050147) in addition to a more sizeable and significant decrease in the activity of the LCR at the highest two doses of orexin-A.
A high-fat diet decreases orexin-A concentration in the hypothalamus
In order to ascertain the mechanisms of phenotypic or diet-related differences in orexin responsiveness, we measured gene expression and peptide levels in brain regions that affect or are part of the brain orexin system. As illustrated in Fig. 4C , orexin-A concentrations in the PeFLH were significantly decreased by the high-fat diet but not different between groups. In short, the high-fat diet decreased the concentration of orexin-A to a similar extent in both HCR and LCR; no differences were seen between HCR and LCR, either on the regular or the high-fat diet.
We found no significant effect of group or diet on any gene expression variable measured in any brain region (OXR1, OXR2, orexin, CRH, and Snark), though there was a trend for increased preproorexin expression in the PeFLH of high-fat-fed rats compared to rats on the standard diet in (Table 7) .
Skeletal muscle PEPCK-C is higher in HCR than LCR
We previously demonstrated that HCR have heightened skeletal muscle PEPCK-C levels and enzymatic activity ). Here, we determined whether diet affected skeletal muscle PEPCK-C enzyme levels and gene expression differentially in HCR and LCR skeletal muscle. PEPCK-C was significantly elevated in HCR compared Table 3 24-hour activity and energy expenditure in male high-and low-capacity rats (HCR and LCR) before and after one month on a high-fat diet. Mean ± SEM; n = 9 HCR and 10 LCR. 
Table 4
Mean percent fat ± SEM using the EchoMRI-900 (EchoMRI) and the biochemical method (Biochem). Fat mass data using these methods were significantly positively correlated in both groups of rats, and no bias was detected according to group. 
Table 5
Male rats selectively bred for high and low intrinsic aerobic capacity (HCR and LCR) showed significantly less variability in daily activity levels within group compared to male rats selectively bred for resistance to weight gain on a high-fat diet (DR) or dietinduced obesity (DIO) (Novak et al., 2006a to LCR (Figs. 5A, C) . The high-fat diet decreased muscle PEPCK-C in both HCR and LCR (Fig. 5A) . The levels of PEPCK-C mRNA in the skeletal muscle did not mirror this effect, however: mRNA levels were actually higher in LCR compared to HCR in one case (Table 7) . Levels of the NAD-dependent deacetylase SIRT-1 were significantly higher in HCR on the control diet compared to all other groups (Figs. 5B, C).
Fig. 3. Energy expenditure of activity (EEA) and resting energy expenditure (REE) were measured in high-capacity rats (HCR) and low-capacity rats (LCR). (A)
Energy expenditure during resting and activity in HCR and LCR (collapsed across diet) according to body weight. Energy expenditure of activity was significantly greater in the HCR (*significantly different effect of selected line after body weight, the covariate, was accounted for), indicating that they had a lower fuel economy of activity than LCR. (B) The energy expenditure during resting in the treadmill and while walking at 7 m/min (arrow indicates start time) in one HCR (gray line; 216 g) and one LCR (black line; 218 g); (C) On the high-fat diet, respiratory exchange rate (RER) was significantly lower in the HCR than LCR on the high-fat diet, indicating increased use of lipid as fuel during activity in these rats. To determine if differences in skeletal muscle PEPCK-C were secondary to increased physical activity, we placed HCR and LCR females (to minimize the difference in body weight) in housing of reduced size to minimize ambulation. As shown in Fig. 5D , the female HCR in the reduced cages were significantly less active than their counterparts housed in the standard activity cages. There was no effect of cage size on activity in LCR. In essence, the reduced cages brought the HCR activity counts down to the approximate level of the LCR. In rats housed in both regular and reduced cages, skeletal muscle PEPCK-C was higher in HCR compared to LCR (Fig. 5E ).
Discussion
The energy expended through spontaneous activity may confer resistance to obesity and its health consequences, particularly in an obesogenic environment (Church et al., 2007; Hamilton et al., 2007; Johannsen et al., 2008; Levine et al., 1999; Levine et al., 2005; Woolf et al., 2008) . Though numerous physiological factors can affect NEAT Teske et al., 2008) , the mechanisms underlying individual differences in activity levels associated with obesity propensity are not known. We have previously demonstrated that intrinsic aerobic capacity is a critical predictor of high spontaneous activity in both rats and human participants , and that low spontaneous activity is not secondary to a high body mass ). This implies that high physical activity levels and a high intrinsic aerobic endurance may be related, characteristic features of the lean phenotype. Here, we investigated the potential mechanisms that modulate daily activity in lean and obese rats and how these are altered on a high-fat diet.
HCR are consistently more active than LCR, both on the regular and high-fat diet ( Fig. 2A) . This is in line with evidence of higher voluntary exercise activity in HCR (Waters et al., 2008) . Differences in daily activity are unlikely to be secondary to body mass because (1) the amount of daily activity, as measured by beam breaks, is dependent upon an endurance phenotype but not body size ; (2) within each group, low activity did not correlate with high body mass; and (3) LCR gained much more body weight than HCR, yet both groups showed comparable decreases in daily activity on the high-fat diet ( Fig. 2A) . Taken together, this evidence suggests that the decrease in activity from the high-fat diet was not due primarily to the extra body weight. In short, high daily activity is associated with a lean, high-endurance phenotype rather than a lower body mass per se. Physical activity is notably variable between individuals, even between animals within a relatively homogeneous group, and is sensitive to stressors and other environmental perturbations. The low variance in the HCR and LCR rats' activity levels ( Fig. 2A) (Thyfault et al., 2009 ) compared to other artificially-selected rats (Table 5) further supports the idea that the mechanisms underlying aerobic capacity as defined by duration and distance of forced treadmill running (a physiological trait) and spontaneous daily activity (a behavioral trait) may overlap.
A high-fat diet consistently reduces physical activity levels in rodents, including the HCR and LCR rats examined here ( Fig. 2A ) (Bjursell et al., 2008; Novak et al., 2006a) . It is interesting that the only type of rodent in which measured physical activity does not follow Table 6 Intra-PVN orexin-A-induced increases in activity and energy expenditure in high-and low-capacity rats (HCR and LCR) before and after one month on a high-fat diet. Mean ± SEM. this pattern is the diet-resistant (DR) rat (Novak et al., 2006a) , which was bred specifically for resistance to obesity on a high-fat diet (Levin et al., 1997) . In mice, spontaneous activity can be suppressed by a calorie-dense diet within a few days after starting the diet and therefore cannot be attributed to a markedly increased body mass (Bjursell et al., 2008) . Instead, dietary fat may modulate locomotor activity through direct actions of circulating lipids on the brain (Elder et al., 2008) . It has not been established, however, whether it is the dietary fat per se in the calorie-dense Western diet, or another aspect of the diet such as the increased caloric intake, that is the critical factor that modulates locomotor activity. It is notable that exposure to longterm high-fat feeding dampens daily activity to a similar degree in lean HCR and obese LCR ( Fig. 2A) . This suggests that the highly active HCR phenotype is not exempt from the suppressive effects of the high-fat diet on activity long-term. Because LCR gained much more weight on the high-fat diet than HCR (Figs. 1A, 2C ), but both groups of rats showed similar decreases in activity after a high-fat diet ( Fig. 2A) , it is unlikely that the amount of physical activity alone accounts for the differential propensity for weight gain seen in these rats.
In an attempt to determine the relative contribution of energy intake and expenditure to body weight gain on a high-fat diet, we measured food intake in HCR and LCR. LCR on a high-fat diet consistently consumed more food (measured in kcal/rat/day), and also showed a steady weight gain, compared to the chow-fed LCR (Figs. 1 and 2D ). The HCR, on the other hand, normalized their energy intake within one week. During this time, the high-fat fed HCR did not show any weight gain relative to the chow-fed HCR. This implies that their energy expenditure effectively compensated for the increased energy intake. Activity and energy expenditure were not measured during the first week of high-fat feeding in this study; such information may shed some light on the underlying cause of the differential weight gain in HCR and LCR at the onset of the change in diet, as would a pair-feeding in these rats. Over several weeks, while HCR on a high-fat diet effectively normalized their food intake relative to controls after about one week, high-fat food intake in the LCR remained elevated for nearly the entire duration of the study (Fig. 1) . This implies that the mechanisms underlying food intake, particularly for the high-fat diet, are different in LCR compared to HCR, and that heightened food intake is likely to contribute to the long-term weight gain in LCR. This could potentially relate to the hedonic or reward value of such a diet (Kelley et al., 2005) , and may differ according to diet, obesity, and phenotype (la Fleur et al., 2007) . It is likely that several aspects of energy balance are concurrently modified with changes in intrinsic aerobic capacity.
We know that the lean phenotype seen in HCR is associated with high levels activity, but the question remains as to what extent this activity energy expenditure is a factor in their resistance to obesity. Answering this question is inherently problematic because body mass Fig. 5 . Skeletal muscle cytosolic phosphoenolpyruvate carboxykinase (PEPCK-C) in high-and low-capacity running rats (HCR and LCR). (A) PEPCK-C was higher in the skeletal muscle of HCR compared to LCR and the high-fat diet significantly decreased PEPCK-C in the skeletal muscle in both groups (n = 9 in HCR on both diets and LCR on the regular diet, n = 8 in LCR on the high-fat diet). *greater than LCR; **greater than rats on a high-fat diet. (B) SIRT-1 was significantly higher in HCR on a control diet compared to all other groups (n = 5 HCR and 5 LCR on the regular diet, 6 HCR and 6 LCR on the high-fat diet. *p b 0.05). (C) Western blots illustrating the effects of selected line and diet on PEPCK-C and SIRT-1, compared to tubulin. (D) When rats were housed in cages of reduced size, this resulted in reduced activity in HCR but not LCR; **greater than reduced housing. (E) This reduction in activity did not alter skeletal muscle PEPCK-C in HCR, demonstrating that skeletal muscle PEPCK-C was not secondary to heightened activity in HCR; *greater than LCR in the same housing condition, n = 5 HCR and 5 LCR on the regular diet, 6 HCR and 6 LCR on the high-fat diet.
is by far the most important factor determining energy expenditure during rest and activity, but the influence of body weight is not linear because of the different energy expenditures of different tissues, for example fat and lean mass. In fact, activity energy expenditure is doubtless even more influenced than basal metabolic rate by body mass regardless of its composition (NEAT is accurately conveyed as a direct function of body weight (i.e., load), at least in humans (Schoeller and Jefford, 2002) ). While energy expenditure is higher with increasing body mass, correcting or normalizing energy expenditure for body mass also results in bias, albeit in the opposite direction, even when allometric factors are used in an attempt to mitigate the biasing effect of body weight (Arch et al., 2006; Packard and Boardman, 1999) . No universal standard is followed regarding how to express energy expenditure when body weights and composition differ. Moreover, this makes it extremely complicated to parse out the specific contribution to energy balance from NEAT, which accounts for 40% of TDEE in humans, but much less in the smaller animals. To precisely assess NEAT in these rats, we measured it directly by calculating energy expenditure during rest, then EEA during treadmill walking at a constant speed. The HCR had a lower fuel economy of activity than LCR; that is, they expended more energy walking the same distance carrying the same load (Fig. 3 ), implying differences in skeletal muscle work efficiency (Rosenbaum et al., 2005) . Thus, HCR not only are more active, but they also expend more calories moving around a given weight compared to LCR. Diet had no detectable effect on fuel economy of activity in these rats. It is interesting that, on the high-fat diet, HCR had a significantly lower RER during activity than did LCR (Fig. 3C ), indicating that they were more effectively utilizing lipids as a fuel while active. This is consistent with others' findings regarding skeletal muscle fuel use in these rats (Lessard et al., 2009) , and reflects an enhanced metabolic flexibility (Galgani and Ravussin, 2008) .
How does this relate to leanness in these rats? Thus far, we have identified several traits that are inherent to the lean phenotype ) including endurance capacity and NEAT, which consists of amount of activity and fuel economy of activity. These features are also associated with leanness in humans (Levine et al., 1999; Levine et al., 2005; , suggesting that their underlying mechanisms may be important for maintaining the lean phenotype. Therefore, we investigated the mechanisms underlying these individual differences in physical activity, beginning with brain mechanisms thought to underlie differences and alterations in activity levels.
Brain
To determine how the high-fat diet might alter the brain to affect spontaneous activity, we examined the brain orexin system in HCR and LCR fed different diets. Others and we have demonstrated that obesity-prone rats are less sensitive to the NEAT-promoting effects of central orexin (Novak et al., 2006a; Teske et al., 2006a) , implicating sensitivity to central orexin as one factor contributing to differences in NEAT which lead to obesity. Here, we show that on the regular diet, HCR were slightly more sensitive to orexin than were LCR (Fig. 4A) . After a month on the high-fat diet, though, a more pronounced difference in responsiveness was evident (Fig. 4B) . The heightened orexin sensitivity seen in HCR on the high-fat diet (Fig. 4B) did not translate into a resistance to the high-fat-diet-induced suppression of physical activity, as it did in other lean rats (Teske et al., 2006a) . These data do not address potential differences in metabolic efficiency or fuel economy of activity, however. Lastly, orexin has the potential to alter energy expenditure through routes other than physical activity (Cerri and Morrison, 2005; Monda et al., 2007; Wang et al., 2001 ), which was not measured in these studies.
To probe a mechanism for this differential sensitivity to the locomotor-activating properties of orexin-A, we measured orexin-A levels in the orexin cell body-containing region of the brain. Orexin content in the PeFLH was significantly decreased in rats fed a high-fat diet compared to those on a regular diet, with no differences between HCR and LCR (Fig. 4C ). This could result from decreased orexin synthesis and/or increased transport and release. Our data are consistent with studies showing no difference in orexin expression in this region in active vs. sedentary rats (Teske et al., 2006a) . This implies that the decrease in PeFLH orexin seen in high-fat-fed rats (Fig. 4C ) may be due to increases in orexin degradation or release rather than decreases in orexin synthesis, though orexin cell number could also differ (Chang et al., 2008) . Our findings may also seem inconsistent with studies demonstrating enhancement of orexin expression by exposure to dietary or circulating lipids, either over a few hours or a few weeks (Chang et al., 2004; Wortley et al., 2003) . These studies (Chang et al., 2004; Wortley et al., 2003) examined acute, rather than long-term, effects of circulating lipids and high-fat feeding, and also focused on gene expression rather than peptide levels. Unlike other active DR and sedentary DIO rats (Teske et al., 2006b; Thorpe et al., 2005) , the HCR and LCR studied here showed no differences in orexin receptor mRNA levels in the PeFLH that might explain the differential sensitivity or responsiveness. In fact, we identified no differences in the expression patterns of several candidate genes that might account for the robust differences in physical activity or orexin sensitivity according to phenotype or diet (Table 7) . This included mRNA levels for preproorexin in the PeFLH; OXR1 and 2 in multiple brain regions; PVN corticotrophin-releasing hormone, which increases locomotor activity and interacts with brain orexin (Heinrichs and Koob, 2004; Winsky-Sommerer et al., 2005) ; and Snark, which interacts with environment to modulate physical activity and energy balance (Ichinoseki-Sekine et al., 2009 ). These findings led us to examine peripheral factors that could underlie individual and diet-related differences in spontaneous physical activity.
Circulating factors
Leptin levels in the LCR were consistently higher than in HCR (Fig. 1D) , though HCR had higher leptin levels per gram of body fat. It is noteworthy that there was not a significant effect of diet on leptin levels; in essence, intrinsic aerobic capacity (i.e., the trait used for the artificial selection of HCR vs. LCR) was a stronger predictor of circulating leptin levels than was diet. The HCR were resistant to a diet-induced increase in leptin levels (Fig. 1D ) even though they had a significant increase in adiposity (Fig. 1B) . Contrary to others' findings (Noland et al., 2007; Waters et al., 2008) , we found no differences in adiponectin or corticosterone between HCR and LCR. This incongruence may be secondary to methodological differences (e.g., time in circadian cycle, fasting vs. fed state, presence of running wheel, presence of stressors) and, in the case of corticosterone, due to high variability in the measurements. While many circulating hormones, including leptin, can affect locomotor activity levels (Choi et al., 2008; , our results did not implicate any particular hormone in either the heightened activity seen in HCR or the dietrelated decrease in activity seen in all rats.
Skeletal muscle
Because neither circulating hormones nor brain orexin could fully explain the consistent difference in daily activity levels between HCR and LCR, we probed other peripheral systems which modulate daily activity and could underlie the differences in activity we observed between HCR and LCR. While exploring these avenues, we observed a robust difference in skeletal muscle PEPCK-C: high PEPCK-C levels and enzymatic activity were associated with high activity and leanness in two strains of inbred rats (Fig. 5) . Moreover, the high-fat diet also decreased skeletal muscle PEPCK in both HCR and LCR (Fig. 5) . Overall, the relative amount of skeletal muscle PEPCK (Fig. 5A) closely resembled daily physical activity levels between groups (Fig. 2A) .
When considering how skeletal muscle is PEPCK-C differentially regulated in these rats, we found it interesting that the same pattern was not found in PEPCK-C mRNA. In fact, quite a different pattern was seen, with PEPCK-C expression higher in the LCR than the HCR in the gastrocnemius (Table 7) . This result was unexpected because it is generally accepted that PEPCK levels in liver, the animal tissue in which this enzyme is most thoroughly characterized, are governed through transcriptional regulation.
Daily levels of physical activity can be altered by exercise training; in mice, exercise training enhances skeletal muscle mitochondrial function and also increases daily physical activity (Chow et al., 2007) . In people, those with sedentary jobs are less active than those in more active professions, even on their leisure days (McCrady and Levine, 2009 ). These findings reveal that, though surely influenced by inherited traits (Joosen et al., 2005) , spontaneous physical activity and its underlying mechanisms are probably plastic. To ensure that the difference in skeletal muscle PEPCK-C (Fig. 5) was not secondary to the increased locomotion in HCR, we limited activity by housing rats in small cages that restricted their locomotor activity. This effectively equalized physical activity levels between HCR and LCR (Fig. 5D ). Under these conditions, HCR skeletal muscle still contained more PEPCK than that of LCR (Fig. 5E ), indicating that this difference is not secondary to hind limb muscle use through locomotion.
Skeletal muscle PEPCK-C has a very interesting potential impact on metabolism (Hakimi et al., 2007; Hanson and Hakimi, 2008; Yang et al., 2009) . Mice that overexpress skeletal muscle PEPCK-C show a phenotype much like HCR: they have high endurance, are long-lived, lean, frisky during handling, and resistant to a high-fat diet (Hakimi et al., 2007; Hanson and Hakimi, 2008) . Perhaps most interesting from our standpoint, the PEPCK-overexpressing mice are exceptionally active. In fact, their hyperactivity was the defining feature used to distinguish transgenic mice from littermates (Hanson and Hakimi, 2008) . The consistently high levels of PEPCK in skeletal muscle in the HCR compared to the LCR seen here (Fig. 5A ) raises several questions. Are the high muscle PEPCK levels causally related to the high activity levels in the HCR and other similarities between the HCR and the PEPCKoverexpressing mice? If so, is this via its potential effects on skeletal muscle energy flux (Hanson and Hakimi, 2008) ? This possibility is supported by heightened energy expenditure of activity found in HCR (Fig. 3) , as well as the high levels of SIRT-1 found in HCR rat skeletal muscle (Fig. 5C ). SIRT-1 is a deacetylase that is increased in association with heightened energy expenditure (Feige and Auwerx, 2007; Gates et al., 2007) . Through what mechanisms could skeletal muscle affect the brain circuits that underlie locomotor activity levels? One might hypothesize that, because the brains of highly active rats are consistently more sensitive and/or responsive to neuropeptides that stimulate locomotion (Figs. 4A, B) (Novak et al., 2006a; Teske et al., 2006a) , a peripheral factor emanating from skeletal muscle could modulate physical activity through its effects on central neuropeptide systems. Other brain systems could also be affected, such as those mediating exercise fatigue (Foley et al., 2006) . In summary, rats selectively bred for high aerobic endurance capacity were consistently more active than rats bred for low endurance, and expended more calories being active as well. A high-fat diet decreased activity similarly in all rats, however. We investigated brain systems that could potentially underlie diet-or endurance-capacity-related differences in physical activity. As with other highly active rats (Novak et al., 2006a; Teske et al., 2006a) , sensitivity or responsiveness to central orexin-A was enhanced, but we did not identify the source of this enhanced responsiveness or any other differences in the brain that could potentially underlie the heightened physical activity levels consistently seen in high-endurance rats ). The studies described here further support the possible role for skeletal muscle PEPCK-C in the modulation of daily physical activity. Skeletal muscle PEPCK-C was not directly manipulated and therefore these data do not imply a causal role of skeletal muscle PEPCK-C in the differences in physical activity or other aspects of the HCR phenotype. Taken together with studies in genetically-altered mice (Hakimi et al., 2007) , the present results suggest a promising new potential mechanism for individual differences in physical activity. The HCR and LCR provide a physiologically intact platform to investigate the potential role of skeletal muscle PEPCK on spontaneous activity, NEAT, and obesity.
